An e‹cient solid-phase synthesis of Fmoc (glyco)peptide thioesters is described. Fmoc・Ser・OAll and Fmoc・ Thr・OAll bound to resin with a silyl ether linker were deallylated by Pd(0) catalysis and condensed with thiophenol, benzyl mercaptane, and ethyl 3-mercaptopropionate by activation with DCC W HOBt. The thioesters were released from the resin either by treatment with CsF-AcOH or by acidic hydrolysis. 1,2) The synthesis of these peptide thioesters has been conventionally performed by the Boc solid-phase protocol, since the Fmoc procedure involving basic conditions for N-deprotection has been thought incompatible with the susceptible thioester linkage. In the past few years, however, several new approaches to the peptide thioesters have been demonstrated by using Fmoc solid-phase procedures which involve the employment of less nucleophilic bases for N-deprotection, 3,4) combination of Fmoc SPPS and thioester formation in a solution, 5) peptide C-terminal extension on a backbone amide linker with the preformed amino acid thioester unit, 6) displacement of the sulfonamide``safety catch'' linker by thiols, 7) and cleavage of peptidyl resin with alkylaluminum thiolate.
An e‹cient solid-phase synthesis of Fmoc (glyco)peptide thioesters is described. Fmoc・Ser・OAll and Fmoc・ Thr・OAll bound to resin with a silyl ether linker were deallylated by Pd(0) catalysis and condensed with thiophenol, benzyl mercaptane, and ethyl 3-mercaptopropionate by activation with DCC W HOBt. The thioesters were released from the resin either by treatment with CsF-AcOH or by acidic hydrolysis. The eŠectiveness of this silyl linker strategy is further demonstrated by the synthesis of more complex (glyco)peptide thioesters 25, 26 and 27 involving NªC and CªN peptide elongation.
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Peptide thioesters have been extensively used as versatile peptide reagents for the chemical ligation of polypeptides. 1, 2) The synthesis of these peptide thioesters has been conventionally performed by the Boc solid-phase protocol, since the Fmoc procedure involving basic conditions for N-deprotection has been thought incompatible with the susceptible thioester linkage. In the past few years, however, several new approaches to the peptide thioesters have been demonstrated by using Fmoc solid-phase procedures which involve the employment of less nucleophilic bases for N-deprotection, 3, 4) combination of Fmoc SPPS and thioester formation in a solution, 5) peptide C-terminal extension on a backbone amide linker with the preformed amino acid thioester unit, 6) displacement of the sulfonamide``safety catch'' linker by thiols, 7) and cleavage of peptidyl resin with alkylaluminum thiolate. 8) The thioestermediated segment coupling method also seems promising to synthesize large glycopeptides, although only a few examples have been reported so far.
9)
Within the framework of our project to elucidate the nature and functional importance of oligosaccharides on glycoproteins, we have been studying the solid-phase synthesis of glycopeptides. We have recently reported a new silyl ether linker which bound the side-chain hydroxyl groups of a peptide or glycopeptide to the solid support and made possible peptide chain elongation in both the NªC and CªN directions.
10) Synthesized (glyco)peptides 2 with protecting groups were e‹ciently released from the resin under orthogonal cleavage conditions by using a ‰uo-ride reagent. On the other hand, acidic cleavage aŠorded the unprotected (glyco)peptide. As an extension of this silyl linker strategy, we planned to transform further the resin-bound (glyco)peptides into more valuable intermediates for the synthesis of larger peptides, since the C-terminal (1) can be easily manipulated via deallylation with a Pd(0) catalyst.
We demonstrate here a new synthesis of Fmoc (glyco)peptide thioesters 3 based on the silyl linker strategy. It is to be noted that a conceptually related preparation of a peptide thioester involving solutionphase thioesteriˆcation has already been reported.
5)

Results and Discussion
Our initial study started with the simple hydroxy amino acids, Fmoc・Ser・OAll 4 and Fmoc・Thr・OAll 5, as the test substrates. Corresponding silyl ethers 6 and 7 were reduced with Zn W AcOH, succinoylated and attached to the Gly-preloaded resin derived from commercial Fmoc・Gly・HMP resin (0.84 mmol W g) by activation with DCC W HOBt W DIEA as reported previously.
10) The unreacted amino groups were masked by acetylation. Ser-loaded resin 8 (0.22 mmol W g, de- termined by an amino acid analysis) and Thr-loaded resin 9 (0.49 mmol W g) were prepared. These resins were treated repeatedly 10c) with Pd(Ph3P)4 and Nmethylaniline in THF to aŠord deallylated resins (À95z) 10 and 11, respectively. The liberated carboxylic acids were then activated with DCC (1.5 equiv.) W HOBt (1.5 equiv.) W DIEA (1.0 equiv.) in NMP and condensed with the thiols (1.5 equiv.), HSPh, HSCH2Ph, and HSCH2CH2CO2Et. All these solid-phase reactions were performed in capped polypropylene test tubes while stirring by a vortex tube mixer. The on-resin thioester formation was completed within 5 h in all cases, as was made evident by HPLC and mass spectral analyses of the products cleaved from the resin sample by hydrolysis with TFA. While detachment of these thioesters from the resin was readily accomplished by acidic hydrolysis, ‰uoridolytic cleavage that would be suited to releasing the glycopeptides carrying t-butyl, Boc, and benzyl protecting groups was also examined. Resins 12 (a-c) and 13 (a-c) were stirred overnight by the vortex mixer with 3z CsF W DMF containing AcOH (18z), and released products 14 and 15 were isolated by reversed-phase HPLC. The yields of the thioesters are shown in Table 1 . Even labile phenyl thioesters 14a and 15a were obtained in good yields without decomposition. The additive acetic acid was essential to suppress cleavage of the Fmoc group.
Having obtained successful results from the model experiments, the more complex (glyco)peptide thioesters were synthesized. The target structure was designed to demonstrate a series of on-resin reactions involving peptide block coupling, stepwise condensation of Fmoc-protected (glyco)amino acid, formation of thioesters, and cleavage. Resin-bound Ser 8 (0.39 mmol W g) was C-deprotected, activated, and condensed with tetrapeptide allyl ester 16. HPLC and MALDI TOF・MS analyses of the hydrolysate of the resin sample indicated that the carboxylic acid had been exclusively converted to desired pentapeptide 17. Further peptide chain elongation in the N-terminal direction was also performed by condensation with Fmoc・Gly・OH 20 and then with glycosylated Fmoc・Ser・OH 21.
11)
With (glyco)peptide-linked resins 17 and 22 in hand, transformation to the thioesters was next executed. Deallylation of 17 and 22 gave corresponding carboxylic acids 18 and 23, respectively. The resulting resins were activated and reacted with HSCH2CH2CO2Et as already described. Monitoring of the samples indicated smooth conversion to the thioesters. Detachment of the thioesters from resin 19 wasˆrst examined by ‰uoridolysis with CsF W AcOH W DMF. The crude cleavage mixture was puriˆed by reversed-phase HPLC, using 1z TFAcontaining aq. CH3CN as the solvent, to aŠord desired 25 in a 33z overall yield based on 8. Acidic cleavage of 19 with 95z TFA also gave 25 with comparable e‹ciency. In contrast, a mixture of 26 and 28 was produced by ‰uoridolytic cleavage of 24 (28 W 26＝44 W 56 as analyzed by HPLC, see Fig. 1 ). Separation of the products by HPLC aŠorded 26 and 28 in 10z and 2z overall yields (in 9 steps), respectively. Desired 26 was characterized by NMR and mass spectrometry. Unstable by-product 28 was tentatively assigned as a well-known oxazolone derivative. Although the related by-product was not obtained from the cleavage of resin 19, it is apparent that the oligopeptide thioesters were more labile against this ‰uoridolytic procedure than such simple amino acid thioesters as 14 and 15. Further studies are necessary to determine the speciˆc conditions for minimizing the formation of 28.
Finally, detachment of the thioester from resin 24 was attempted by the use of 95z TFA. We have previously experienced the formation of a complex glycopeptide mixture carrying the same disaccharide by partial debenzylation when treated with reagent K consisting of TFA, water, ethanedithiol, thioanisole, and phenol. 11) However, in the absence of such a nucleophilic reagent, the TFA cleavage reaction with 24 only resulted in the removal of the benzylidene group. Homogeneous glycopeptide thioester 27, which would also be useful for thioester-mediated peptide ligation, was thus obtained with good e‹ciency (20z overall yield).
In conclusion, a novel solid-phase synthesis of Fmoc (glyco)peptide thioesters, which are potent peptide reagents in polypeptide synthesis, was achieved by taking advantage of the silyl linker strategy. The synthesized thioesters were readily cleaved from the resin by ‰uoridolysis as well as by acidic hydrolysis. Fluoridolytic cleavage aŠorded the fully protected glycopeptide thioester, while acidic cleavage allowed the release of the partially deprotected derivative. The block synthesis of a large glycopeptide with the thioester segments prepared by this method will be reported in due course.
Experimental
Optical rotation data were determined with a Jasco DIP-370 polarimeter for solutions in CHCl3 at 20±29 C, unless otherwise stated. Column chromatography was performed on Silica Gel-60 (E. Merck, 70-230 mesh or 230-400 mesh), and TLC and HPTLC were performed on Silica Gel 60 F254 (E. Merck). Preparative HPLC was performed with Mightysil RP-18 (10×250 mm 2 , Kanto Chemical Co.).
1 H-NMR spectra were recorded with a Jeol AL400 (400 MHz) spectrometer, chemical shifts being expressed in ppm downˆeld from the signal for internal Me4Si for solutions in CDCl3, unless otherwise stated. MALDI TOF mass spectra were recorded with a PerSeptive Voyager-DE PRO spectrometer with 2,5-dihydroxybenzoic acid being used as a matrix. Fmoc・Gly-preloaded HMP resin was purchased from Applied Biosystems. All the solid-phase coupling and cleavage reactions were performed at room temperature in capped polypropylene test tubes while stirring with a vortex tube-mixer.
Preparation of 8 and 9. As decribed previously, 10b ,c) Fmoc・Ser・OAll 4 and Fmoc・Thr・OAll 5 were attached to the Gly-preloaded HMP resin by the silyl linker. The resulting resin samples (8 and 9) were hydrolyzed and analyzed to determine the loading e‹ciency. Ser-loaded resins 8 (0.22 mmol W g and 0.39 mmol W g) and Thr-loaded resin 9 (0.49 mmol W g) were synthesized. The unreacted amino group on the resin was capped by acetylation.
Deallylation of 8 and 9. The resins 8 and 9 were deallylated with Pd(Ph3P)4 and N-methylaniline in THF as previously reported.
10b,c)
Typical procedure for on-resin thioesteriˆcation and ‰uoridolytic cleavage. A mixture of the deallylated resin [10 (100 mg, 0.022 mmol), prepared from 8 (0.22 mmol W g)], 1M DCC W NMP (96 ml, 0.096 mmol), 1M HOBt W NMP (96 ml, 0.096 mmol), ethyl 3-mercaptopropiomate (15 ml, 0.120 mmol), and DIEA (14 ml, 0.080 mmol) was stirred overnight at room temperature on a vortex mixer. The mixture wasˆltered and the resin was successively washed with CH 2 Cl 2 and Et 2 O, and dried in vacuo.
The resin was stirred overnight with CsF (13 mg) and AcOH (160 ml) in DMF (440 ml) at room temperature. The resin wasˆltered oŠ and successively washed with DMF and CH2Cl2. The combined ltrate and washings were concentrated to remove CH2Cl2 with a cetrifugal evaporator. The product in the supernatant DMF solution was puriˆed by reversed-phase HPLC with gradient elution by aq. CH3CN containing 0.1z TFA (50-70z W 0-20 min). The collected thioester fractions were concentrared in vacuo to give 14c (6.9 mg, 71z). 
A mixture of deallylated resin 10 (1.25 g, 0.50 mmol), which had been prepared from 8 (0.39 mmol W g)], 1M DCC W NMP (900 ml, 0.90 mmol), and 1M HOBt W NMP (900 ml, 0.90 mmol) in NMP (13 ml) was stirred at room temperature for 1 h. A solution of L-seryl-Lglutaminyl-L-prolyl-(p-benzyloxymethyl)-L-histidylglycine allyl ester hydrochloride (16・HCl, 570 mg, 0.90 mmol) was then added to the mixture. After stirring for 30 min, DIEA (314 ml, 1.80 mmol) was added to the stirred mixture. Vortex mixing was continued overnight at room temperature, before the mixture wasˆltered. Resulting resin 17 was successively washed with CH2Cl2 and Et2O, and dried in vacuo.
Deallylation, thioesteriˆcation, and ‰uoridolytic cleavage. Part of resin 17 (170 mg, 0.054 mmol) was deallylated by reacting with Pd(Ph3P)4 (23 mg, 0.02 mmol) and N-methylaniline (212 ml, 2.04 mmol) in THF (2 ml) as reported previously. The completion of the reaction was determined by HPLC and MS analyses of the acid hydrolysate of the resin sample. Resulting resin 18 was submitted to thioesteriˆ-cation with ethyl 3-mercaptopropionate (20 ml, 0.153 mmol), 1M DCC W NMP (153 ml, 0.153 mmol), 1M HOBt W NMP (153 ml, 0.153 mmol), and DIEA (18 ml, 0.102 mmol). The reaction monitored by analyzing the resin sample indicated incomplete conversion, so the procedure for thioesteriˆcation was repeated.
Resin 19 was stirred overnight with CsF (30.4 mg) and AcOH (0.3 ml) in DMF (1 ml) at room temperature. The mixture wasˆltered, and the resin was washed with DMF and CH2Cl2. The combined ltrate and washings were concentrated with a centrifugal evaporator. The crude product in the supernatant was puriˆed by reversed-phase HPLC with gradient elution by aq. CH3CN containing 0.1z TFA (40-44z W 0-22 min). The collected peptide fractions were concentrared in vacuo to give 25 (29 mg, 33z from 10), [ B) Preparation of 25 via acidic cleavage. Resin 19 (20 mg) was stirred with 95z aq. TFA (100 ml) at room temperature for 2 h. The resin wasˆltered oŠ and washed with CH3CN. The combinedˆltrate and washings were concentrated, and the resulting residue was puriˆed by preparative HPLC as already described to give 25 (4 mg). The resulting resin was stirred with 20z piperidine W NMP (1 ml) for a further 15 min to complete the Ndeprotection reaction and then successively washed with NMP, CH2Cl2, and ether. The resin was stirred overnight with commercial Fmoc・Gly・OH 20 (55 mg, 0.184 mmol), 1M DCC W NMP (275 ml, 0.275 mmol), 1M HOBt W NMP (275 ml, 0.275 mmol), and DIEA (32 ml, 0.184 mmol) at room temperature. The mixture wasˆltered, and the resin was successively washed with NMP and CH2Cl2. Then the resin was stirred with a mixture of 10z Ac 2 O-5z DIEA W NMP (1 ml) to cap the unreacted amino groups. The mixture wasˆltered, and the resin was successively washed with NMP, CH2Cl2, and ether. The resulting washed resin was treated with 20z piperidine W NMP to remove the Fmoc group as already described. The N-deprotected resin was stirred overnight with 21 (114 mg, 0.100 mmol), 1M DCC W NMP (150 ml, 0.150 mmol), 1M HOBt W NMP (150 ml, 0.150 mmol), and DIEA (32 ml, 0.184 mmol) at room temperature. The resulting resin was collected byˆltration and then successively washed with NMP and CH2Cl2. The washed resin was submitted to a deallylation reaction by using Pd(Ph3P)4 (18 mg, 0.02 mmol) and N-
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